Abstract: This study evaluated the degree of conversion (DC) and ultimate tensile strength (UTS) of dual-cured resin cements heated to 50º C prior to and during polymerization. Disc-and hourglass-shaped specimens of Rely X ARC (RX) and Variolink II (VII) were obtained using addition silicon molds. The products were manipulated at 25º C or 50º C and were subjected to 3 curing conditions: light-activation through a glass slide or through a pre-cured 2-mm thick resin composite disc, or they were allowed to self-cure (SC). All specimens were dark-stored dry for 15 days. For DC analysis, the resin cements were placed into the mold located on the center of a horizontal diamond on the attenuated total reflectance element in the optical bench of a Fourier Transformed Infrared spectrometer. Infrared spectra (n = 6) were collected between 1680 and 1500 cm -1 , and DC was calculated by standard methods using changes in ratios of aliphatic-to-aromatic C=C absorption peaks from uncured and cured states. For UTS test, specimens (n = 10) were tested in tension in a universal testing machine (crosshead speed of 1 mm/min) until failure. DC and UTS data were submitted to 2-way ANOVA, followed by Tukey's test (α= 5%). Both products showed higher DC at 50º C than at 25º C in all curing conditions. No significant difference in UTS was noted between most light-activated groups at 25º C and those at 50º C. VII SC groups showed higher UTS at 50º C than at 25º C (p < 0.05). Increased temperature led to higher DC, but its effects on resin cement UTS depended on the curing condition.
Introduction
Dual-cure resin cements (RCs) were developed to establish a reliable bond between the prepared tooth and restorative materials. 1 These products were developed to polymerize properly even when a curing light is severely attenuated by the presence of an indirect restoration interposed between the curing unit tip and RC during light-activation. 2, 3 However, it has been shown that the self-curing mode of RCs is less effective than the dual-curing mode. 4 Such evidence deserves some attention because only approximately 10% to 15% of the light intensity remains after the curing light passes through a 2-mm thick indirect restoration. 2, 3, 5 In such detrimental clinical conditions, most RCs present lower hardness, higher solubility, lower flexural and compressive strength values than properly cured RCs, resulting in lower bond strength values to dentin.
3, [6] [7] [8] [9] Some studies have shown that pre-heating the resin composite to 50º C or 60º C increases its degree of conversion (DC). 10, 11 As a result, increased hardness and fracture strength, increased flexural strength and modulus, and increased resistance to wear are expected. 12, 13 Therefore, it is reasonable to assume that dual-cured RCs polymerized at increased temperature might show higher DC and improved mechanical properties than RCs polymerized at room temperature. However, only few studies have evaluated the effects of pre-heating on the DC and mechanical properties of dual-cured RCs. [14] [15] [16] Therefore, the aim of this study was to evaluate the effects of pre-heating on the DC and ultimate tensile strength (UTS) of dual-cured RCs subjected to different curing conditions. The research hypothesis was that dual-cured RCs heated to 50º C prior to and during polymerization exhibit higher DC and UTS than the RCs polymerized at 25º C when polymerization relied solely on the self-curing condition or after exposure to the severely attenuated curing light due to the presence of an indirect composite resin restoration.
Materials and methods

Specimen preparation
Two dual-cured RCs, Rely X ARC (RX, 3M ESPE, St. Paul, USA) and Variolink II (VII, Ivoclar Vivadent, Schaan, Liechtenstein) (Table 1) , were evaluated. For the heated groups, base and catalyst pastes were equally dispensed on a glass plate resting on a heating stirrer surface (103, Cientec, Piracicaba, São Paulo, Brazil) set at 50±1º C. The mixed RCs were applied to an addition silicon mold (Panasil, Kettenbach GmbH & Co., Eschenburg, Germany), which was initially placed on the same heated glass plate where the resin cements were mixed, to create hourglass-shaped specimens (1-mm thick and 1-mm wide at the constriction region) for the UTS test. For the hourglass-shaped specimen, a Mylar strip was placed between the mold and the heated surface. The resin cements were mixed with a spatula heated to 50º C and applied into the mold. The mold allowed a direct contact between the heated RC and the Mylar strip in contact with the heated glass plate. As such, the specimen temperature was maintained not only during the mixing procedure but also during polymerization. For the other groups, the same procedures were performed at 25º C. All groups were subjected to three different curing conditions: 1. light activation through a glass slide (GS), 2. through a pre-cured 2-mm thick resin composite disc (A2 -A2 shade, TPH Spectrum, Dentsply Caulk, Milford, USA) to simulate the cementation of an indirect resin composite restoration, or 3. specimens were allowed to self-cure (SC).
In the GS and A2 groups, both the glass slide and the resin disc were left on the heated plate for 5 min prior to specimen fabrication to ensure that the specimen, glass slide, and indirect restoration all maintained the same temperatures during specimen fabrication. Each specimen was covered with another Mylar strip and was exposed to 40 s of curing light (power density: 600 mW/cm², Optilux 501, Demetron Kerr, Danbury, USA), which had its intensity continuously monitored with a radiometer (Cure Rite, Dentsply Caulk, Milford, USA). Specimen and glass plate temperatures were continuously measured with a thermocouple (SmartMether, Novus, Porto Alegre, Brazil) to ensure that the base and catalyst pastes reached 50º C and that the tem- Table 1 TEGDMA: triethylene glycol dimethacrylate; Bis-GMA: bisphenol A diglycidyl ether methacrylate; UDMA: urethane dimethacrylate peratures were constant during the entire specimen preparation. All heated specimens were left on the heated plate for 5 min after activation and were protected from light during this period. Specimens were dark-stored dry at 37º C for 15 days.
Degree of conversion
For the DC analysis, a disc-shaped mold was placed on the horizontal diamond attenuated total reflectance (ATR) element (Golden Gate, Specac, Woodstock, USA) in the optical bench of a Fourier Transformed Infrared spectrometer (Tensor 27, Bruker Optik GmbH, Ettlingen, Germany). As such, the mold allowed the ATR diamond surface to remain exposed. The RCs at 25º C were manipulated and applied into the mold to create 1-mm thick discshaped specimens (5 mm in diameter) with the bottoms in contact with the diamond surface. For the pre-heated groups, the RCs were heated to 50º C on the heated glass plate as previously described, were mixed with a heated spatula, and were applied to the diamond surface, which was also heated with a custom-made heater device to maintain the RC temperature at 50º C during the analysis. The infrared spectra from the uncured specimens at 25º C and 50º C were collected between 1680 and 1500 cm -1 at a 4 cm -1 resolution (16 scans per spectrum) before the RCs were subjected to the previously described curing conditions. All heated specimens were left on the heated ATR diamond surface for 5 min. All specimens were dark-stored dry at 37º C for 15 days. Afterwards, the cured specimens were placed on the ATR diamond surface and new infrared spectra were obtained. Monomer conversion was calculated by standard methods using changes in the ratios of the aliphatic-to-aromatic C=C absorption peaks in both the uncured and cured states obtained from the infrared spectra 17, 18 according to the following equation, where abs is absorbance:
Ultimate tensile strength test
For the UTS test, the hourglass-shaped specimen was attached to the grips of a microtensile testing jig with cyanoacrylate (Loctite Super Bonder Gel, Henkel, Düsseldorf, Germany) and tested in tension in a universal testing machine (EZ Test, Shimadzu Co, Kyoto, Japan) at a crosshead speed of 1 mm/ min until failure. After testing, the specimens were carefully removed from the fixtures with a scalpel blade and the cross-sectional area at the site of fracture was measured to the nearest 0.01 mm with a digital micrometer (Series 406; Mitutoyo America Corp., Aurora, USA). The UTS data were expressed in units of stress, or MPa.
Statistical analysis
Ten specimens were prepared for each experimental group (n = 10) for the UTS test, while 6 specimens per group (n = 6) were required to perform the DC analysis. Because the aim of the current study was not to compare products, data were submitted to a 2-way ANOVA ("temperature" and "curing condition" factors) for each product followed by a post hoc Tukey's test at a pre-set alpha of 5%, using statistical software (SAS 8.0 for Windows; SAS Institute Inc., Cary, USA).
Results
Degree of conversion
The DC values are displayed in Table 2 . Significant interaction was detected between "light-activa-
[abs (C = C aliphatic) / abs (C = C aromatic)] polymer
[abs (C = C aliphatic) / abs (C = C aromatic)] monomer tion" and "temperature" for VII (p = 0.001). Both RCs showed higher DC values at 50º C than at 25º C (p < 0.05), regardless of the curing condition. The GS groups exhibited higher DC than the A2 groups in both products at 25º C and in RX at 50º C (p < 0.05). No significant difference in DC was noted between the GS and A2 groups when VII was heated to 50º C. The SC groups showed the lowest DC regardless of the product or temperature (p < 0.001).
Ultimate tensile strength
The UTS values are shown in Table 3 . Significant interaction was detected between "light-activation" and "temperature" for VII. The change in temperature had no significant effect in UTS for RX. No significant difference in UTS was noted between groups polymerized at 25º C and those polymerized at 50º C in either the GS or A2 groups for both products. The pre-heated SC groups of VII at 50º C exhibited higher UTS than the SC groups polymerized at 25º C (p < 0.05).
The comparison among the curing conditions demonstrated no significant differences in UTS between the GS and A2 groups for both RCs at either 25º C or 50º C. In both RCs at 25º C and 50º C, the SC groups showed lower UTS values than did the GS and A2 groups (p < 0.05).
Discussion
In this study, increased temperatures of RX and VII resulted in higher DC regardless of the curing condition. Such a finding corroborates previously reported results 10, 11 and might be attributed to the increased radical mobility and collision frequency of the unreacted active groups and radicals resulting from the decrease in RC viscosity promoted by increased RC temperatures.
Despite the overall increase in the DC of RX, the values still depended on the curing condition. Therefore, the increased temperature did not compensate for the lower light intensity when an indirect restoration was used or for the lower effectiveness of self-curing components when polymerization relied solely on the self-curing mode. However, it should be emphasized that the DC in the A2 groups of RX cured at 50º C was apparently similar to that observed in the GS groups at 25º C. As higher DC decreases the material solubility, 19 one can expect an increase in the longevity of indirect restorations cemented with RCs at higher temperatures.
When VII was polymerized at 50º C, no significant difference in DC was noted between the GS and A2 groups, while the A2 group showed lower DC than the GS group at 25º C. Based on these results, the GS group at 50º C exhibited DC approximately 8.3% higher than at 25º C, while the A2 group at 50º C showed DC 19% higher than at 25º C. Therefore, as approximately only 10% of the light intensity reaches the RC after the curing light passes through a 2-mm thick indirect resin composite restoration, 4 the effects of increased temperature may be more evident when the curing light was severely attenuated by the resin disc.
Although the increased temperature resulted in significantly higher DC in both RCs, the 8% to 10% increase in the DC values had no influence on the UTS of cements light-activated at 50º C. According to Loza-Herrero et al., 20 a parabolic relationship can be observed between DC and mechanical properties. In that study, as conversion increased, strength values tended to plateau or even decline. Based on those results, the authors implied that once a threshold conversion value was reached, the polymer network strength did not markedly increase with additional curing. The authors also emphasized that strength may even decline as a result of increasing brittleness. Furthermore, in comparison to resin composites, RCs usually have lower filler content and higher content of diluent monomers to ensure proper viscosity (as stated in the manufacturer's information). At increased temperatures, these materials may present fast cure rates when exposed to the curing light. As a consequence, the material develops high shrinkage strain and internal stress during polymerization. 20, 21 Moreover, the required slow homogenization of the internal stress created in the polymers during polymerization may be compromised by such a fast cure rate as well. 20 The SC groups of VII cured at 50º C exhibited higher UTS than at 25º C. It has been shown that the degradation rate of the self-curing component benzoyl peroxide to radicals increases with increased temperatures. 22 For this reason, more radicals are created more quickly, so the decrease in resin viscosity and increased radical mobility promoted by higher resin temperatures during polymerization most likely were not the only factors contributing to the higher DC and UTS values in the heated RCs when polymerization was initiated via this curing condition. Thus, while the research hypothesis was validated for the effects of increased temperature on the DC of RCs, the research hypothesis was partially validated regarding the effects of increased temperature on the UTS because the temperature improved the mechanical properties of only one product under one curing condition.
A temperature of 50º C was chosen based on other studies 10, 11, 23 and was maintained for 5 min during specimen polymerization. This methodology may differ from a clinical situation where a drastic drop in temperature of the heated resin composites is observed when they are placed in tooth cavities. 24, 25 For this reason, a decrease in the cement characteristics of dual-cured resin cement systems. J Dent. 25 found no significant differences in DC, flexural strength, and cross-linking estimated values between pre-heated composites and composites polymerized at room temperature. For this reason, further studies simulating this clinical condition are required to evaluate the effects of temperature drop on the mechanical properties and DC of RCs.
Although resin-based materials were heated to 50º C in most studies evaluating the effects of temperature, 10, 11, [14] [15] [16] one could state that such a high temperature could damage the pulp tissue. However, it has been demonstrated that an increase in the temperature of resin composites to temperatures ranging between 54º C and 60º C does not significantly change the intrapulpal temperature. 23 Based on the findings from the current study, the use of RCs heated to 50º C might be a reliable option regarding the DC and mechanical properties of dual-cured RCs when they depend on the self-curing mode to bond indirect restorations to teeth. The long-term evaluation of the bond strength of indirect restorations to teeth using heated RCs is required to confirm the effectiveness of this technique.
Conclusion
The increased temperature of RX and VII prior to polymerization promoted higher DC regardless of the curing condition. However, an increase in temperature to 50º C improved the UTS of only VII polymerized via the self-curing mode.
